Hypoglycemia secondary to nesidioblastosis is rare in adults, and the pathogenesis of this condition is unknown. To determine factors leading to nesidioblastosis in adults, we analyzed 36 cases of nesidioblastosis including 27 cases of postgastric bypass nesidioblastosis and 9 cases of idiopathic nesidioblastosis in adults by immunohistochemistry using antibodies to insulin-like growth factor1, insulin-like growth factor2 (IGF2), insulin-like growth factor one receptor-a epidermal growth factor receptor, transforming growth factor-b1 and 2, and transforming growth factor-b receptor type 3. Fifty-two surgically excised pancreatic specimens from patients with benign exocrine tumors and no evidence of hypoglycemia were used as controls. There was increased IGF2, insulin-like growth factor receptor1 receptor-a and transforming growth factor-b receptor 3 expression in islets from nesidioblastosis patients compared to controls. Peliosis-type vascular ectasia was more common in nesidioblastosis patients compared to controls. These findings suggest that increased production of growth factors and growth factor receptors may contribute to the development of nesidioblastosis in adults.
Gastric bypass surgery has become an established treatment for patients with morbid obesity. Obesity rates continue to increase in the United States, from 22.9 to 30.5% between 1988-1994 and 1999-2000, respectively.
1,2 Around 10 000 bariatric procedures were performed yearly in the early 1990s in the United States, whereas an estimated 103 000 bariatric procedures were performed in 2003. 1 In the past few years an increasing number of patients with severe hypoglycemia including neuroglycopenia as a result of endogenous hyperinsulinemia in the postgastric bypass setting have been reported. [3] [4] [5] [6] These patients present with severe hypoglycemic symptoms including visual disturbances, altered mental status, seizures, and loss of consciousness, often postprandially. Nesidioblastosis has been most widely recognized in infants. Only rare cases have been reported in adults. Postgastric bypass patients with nesidioblastosis represent a new and growing population of cases in adults.
The pathogenesis of nesidioblastosis is unknown. Early histopathologic descriptions of histologic features of nesidioblastosis included enlarged islet size and number, increased periductular islets, and enlarged b-cell nuclei. The histologic features were first associated with severe hypoglycemia in infants. [7] [8] [9] In recent years, a number of genes including SUR1, Kir6.2, GCK, GLUD1, and short-chain 3-hydroxyacyl CoA dehydrogenase have been identified in infantile nesidioblastosis. [10] [11] [12] An association with Beckwith-Weideman syndrome has also been identified. 13, 14 These genetic mutations have only rarely been identified in adult cases. 15, 16 The lack of recognized mutations in most adult cases suggests that the pathogenesis of adult nesidioblastosis may be different from infantile nesidioblastosis.
Although the percentage of people with prior gastric bypass surgery who develop hyperinsulinemic hypoglycemia is presumed to be small, a better understanding of this syndrome is needed to develop objective diagnostic criteria, identify predictive markers, and determine alternate medical targets for treatment. Because specific growth factors have been shown to be significant in the regulation of insulin secretion, 17 we examined specific growth factors and growth factor receptors by immunohistochemistry and in situ hybridization to determine if they have a role in the development of adult nesidioblastosis. We report overexpression of insulin-like growth factor2 (IGF2), insulin-like growth factor one receptor-a (IGF1Ra), and transforming growth factor receptor b3 (TGFRb3) in islets of nesidioblastosis patients compared to normal controls. Histological examination showed that peliosis-type vascular ectasia is a useful feature that can assist in the diagnosis.
Materials and methods

Tissue
Pancreatic tissue from 36 adult patients who underwent partial pancreatectomy for nesidioblastosis at Mayo Clinic, Rochester, MN, USA between 1994 and 2007 were selected. Institution Review Board permission was obtained for the study. Twenty-seven of the thirty-six patients (twenty-five women and two men) had previously had Roux-en-Y bariatric bypass surgery for medically complicated morbid obesity. Nine patients (three women, six men) with idiopathic adult onset nesidioblastosis and no history of gastric surgery were also identified. A subset of patients have been previously reported. 3 The control group consisted of 52 adult patients who underwent partial pancreatic resection at Mayo Clinic between 1993 and 2007 for benign pancreatic lesions including serous cystadenoma, mucinous cystadenoma, microcystic cystadenoma, and benign mucinous tumor. Inclusion criteria also included absence of pancreatitis or fibrosis and at least 10 interpretable islets. No patient had hypoglycemic symptoms. Demographic data including gender, age and body mass index (BMI), both current and maximum (to reflect pre-and postgastric bypass surgery) were collected. Clinical laboratory tests including serum insulin, glucose, C-peptide, sulfonylureas, antiinsulin antibodies, and 72 h fasts, as well as imaging the pancreas, and selective arterial calcium stimulation were performed in clinical evaluation of the patients.
Pathology
Features used for histologic confirmation of nesidioblastosis included islet cell hypertrophy, increased nuclear size of islet cells, and ductularinsular complexes after insulin staining. The presence or absence of vascular ectasia within islets was also evaluated.
Immunohistochemistry
Immunohistochemistry was performed on paraffinembedded tissue with the following antibodies: insulin-like growth factor1 (IGF1; 1:100), IGF2 (1:100), and IGF1Ra (1:50; Millipore, Temecula, CA, USA); epidermal growth factor receptor (EGFR; 1:500), transforming growth factor b1 (TGFb1; 1:500), and TGFb2 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA); and TFGbR3 (1:250; Abcam Inc., Cambridge, MA, USA). Selected growth factors have been shown to be significant in insulin regulation or been implicated in the pathogenesis of abnormal insulin regulation, including both the insulin-like and TGF families. 17 Positive controls consisted of pituitary tissues and negative controls consisted of substituting normal serum for the primary antibodies. Immunoreactivity was graded from 0 (negative), 1 þ (weakly positive), 2 þ (moderately positive), and 3 þ (strongly positive), based on the most intense staining present in the islet cells. Immunostaining was evaluated by two observers without knowledge of the specific diagnosis in the cases.
In Situ Hybridization
In situ hybridization was performed on a subset of the cases (eight postgastric bypass nesidioblastosis, four idiopathic nesidioblastosis, and seventeen controls) using an antisense oligonucleotide probe designed to target IGF2 mRNA. A sense probe was used as a negative control. Antisense IGF2-AS (314) sequence was: GGTCTCACTGGGGCGGTAAGCAGC AATGCA. Sense IGF2-SS(211) sequence was: GAGA CACCAATGGGAATCCCAATGGGGAAG; Molecular Biology Core, Mayo Clinic, Rochester, MN, USA. 15 Staining within the islets was graded on a scale of 0-3.
Statistical Analyses
Statistical analyses were performed using w 2 and Fisher's exact tests for analysis of histologic features. The immunohistochemical stains were compared between study groups using Wilcoxon rank-sum tests. All tests were two-sided.
Results
Patients
Clinical information collected on the nesidioblastosis and control cases included age, gender, maximum and most recent BMI, and follow-up ( Table 1) . The postgastric bypass nesidioblastosis group included a higher proportion of women (twentyfive women, two men) than the idiopathic nesidioblastosis cases (three women, six men). The controls were also predominantly women (40 women, 12 men). The average age of patients with nesidioblastosis was 45 The time from gastric bypass to pancreatic resection in postgastric bypass patients averaged 54 months (range 17-264 months). Follow-up after pancreatic surgery ranged from 1 to 74 months for the nesidioblastosis patients. Of the nesidioblastosis patients who underwent pancreatic resection all 27 postgastric bypass patients are alive, but 8 had recurrent or ongoing mild symptoms. Three of the nine patients with idiopathic nesidioblastosis had recurrent symptoms, two of which necessitated completion pancreatectomy. We examined the severity of nesidioblastosis as related to the postgastric bypass period. Because of the overlap of mild, moderate, and severe nesidioblastosis cases with the postgastric bypass periods, a clearcut relationship between severity of nesidioblastosis and postgastric bypass period could not be demonstrated.
Histologic Features
The islet cells in the nesidioblastosis cases were hypertrophied and were more irregular in shape and size compared to control islets (Figures 1 and 2 ). Enlarged islet cell nuclei were more prominent in nesidioblastosis cases. Peliosis-type vascular ectasia of the islets was present in 50% of nesidioblastosis cases compared to 12% of control cases (P ¼ 0.001) (Figure 2 ). There were no significant differences in ductulo-insular complexes between nesidioblastosis and control cases.
Immunohistochemistry
Expression of IGF2, IGF1Ra, and TGFbR3 (Figures 1a-d) were significantly increased in pancreatic islets from nesidioblastosis cases compared to controls (P ¼ 0.001, 0.008, and 0.012, respectively; Table 2 ). The evaluation of immunostaining intensity between the two observers was generally in good agreement. The negative control slides did not show any positive staining. IGF2 staining was predominantly cytoplasmic, whereas IGF1Ra staining was mainly cell membrane. TGFbR3 staining was predominantly cytoplasmic with focal cell membrane staining. When two groups of nesidioblastosis patients (postgastric bypass and idiopathic) were separately compared to controls, the statistically significantly differences remained for the idiopathic nesidioblastosis group with all three markers and for the postgastric bypass cases for IGF2 and IGF1Ra (Table 3) . When comparing idiopathic and postgastric bypass nesidioblastosis in the idiopathic nesidioblastosis cases only IGF2 showed significantly different expression levels (P ¼ 0.024) IGF1, EGFR, TGFb1, and TGFb2 did not show significant differences between nesidioblastosis cases and controls.
In Situ Hybridization
In situ hybridization for IGF2 showed expression of IGF2 with the antisense probe, whereas the sense probe was negative, indicating expression of IGF2 mRNA in islet cells. Significant differences in the levels of IGF2 mRNA expression were not detected in the subset of cases examined, because of the relatively 
Discussion
The pathogenesis of nesidioblastosis in adults is unknown. This study shows increased expression of IGF2, IGF1Ra, and TGFbR3 in pancreatic islets from patients with nesidioblastosis compared to controls. This finding suggests that certain growth factors and growth factor receptors contribute to the development of nesidioblastosis. Increased expression of IGF2 was identified in the idiopathic nesidioblastosis group compared to postgastric bypass group suggesting that the mechanisms and pathways involved in the pathogenesis of nesidioblastosis may vary with specific types of nesidioblastosis. These finding are not surprising, because the patients have similar symptoms resulting from hyperinsulinemia and hypoglycemia, but they also have distinct clinical and surgical histories. Various growth factors and growth factor receptors have been shown to be important for insulin regulation. 18 At least one member of the IGF family, IGF2, is associated with nonhyperinsulinemic hypoglycemia leading to paraneoplastic syndrome secondary to ectopic tumor production. [19] [20] [21] [22] [23] [24] [25] [26] [27] In this study, IGF2 was present mainly in the cytoplasm of islet cells, whereas IGF1Ra was predominantly cell membrane associated. This observation would suggest an effect of IGF1Ra at the cell membrane to stimulate downstream effects, whereas IGF2 was probably functioning in the cytoplasm of the islet cells. IGF2 has also been reported with human overgrowth syndromes including Beckwith-Wiedeman syndrome, which has also been associated with nesidioblastosis. 13, [28] [29] [30] Studies in mice and transgenic mouse models has shown that the family of IGFs and IGF-binding proteins are involved in cellular functions including insulin and glucose regulation. 31 Direct evidence of the role of IGF2 and IGF-binding proteins on proliferation of insulinproducing cells has been reported in mice with disruption of the MEN1 gene. 32 In this model, there was overexpression of IGF2-and IGF-binding proteins 32 leading to b-cell proliferation and development of insulinomas. EGFR and several members of the TGFb family (TGFb1, TGFb2, and TGFbR3) are involved in a wide range of normal and neoplastic pathways, which may interact with the IGF family. 33 Previous studies of pancreatic tissue with nesidioblastosis from Mayo Clinic showed that the islets had larger mean diameter (214 ± 7.7 mm) compared to control cases (151±7.3 mm), a finding confirmed by subsequent reports. 34, 35 One study, which utilized cadaveric pancreas as controls rather than the surgically resected pancreatic tissues did not find increased islet diameters in nesidioblastosis cases compared to controls. 36 This study did, however, find significant differences in nuclear diameter of islet cells in nesidioblastosis compared to controls, 36 which has been reported in other studies, as well. 35 Peliosis-like vascular ectasia has previously been described in association with nesidioblastosis in several case reports of patients with other endocrinopathies including Von Hippel-Lindau and multiple endocrine neoplasia type I. [37] [38] [39] In the current study, peliosis-like vascular ectasia was more common in nesidioblastosis than in control cases. The peliosis-like vascular ectasia that was identified in the nesidioblastosis cases also tended to be more diffuse compared to control cases. The mechanism of peliosis-type vascular ectasia development is uncertain. 40 It is possible that as different growth factors such as vascular endothelial growth factor (VEGF) and VEGFR may stimulate peliosis. 41 A recent study reported that peliosis of the spleen was associated with massively elevated levels of VEGF. 41 The practical implication of this observation is that the presence of peliosis-type vascular ectasia should raise the possibility of nesidioblastosis in pancreatic islets from adult patients with hypoglycemia who do not have an insulin-producing pancreatic endocrine tumor.
Some investigators have proposed that hypoglycemia is a component of late dumping syndrome, which is characterized by diaphoresis, weakness, dizziness, flushing, and palpitations with rare instances of hypoglycemia with severe neurologic symptoms or loss of consciousness. The symptoms in dumping syndrome are often amenable to dietary modification or medical management with octreotide and acarbose 39 rather than necessitating surgical intervention. 42 Long-term complications are increasingly important as the frequency of postgastric bypass for the treatment of morbid obesity increases. 43 Definitive treatment of postgastric bypass and idiopathic adult nesidioblastosis includes gradient-guided pancreatectomy to decrease the source of endogenous excess insulin production. Hypotheses regarding the un- Figure 2 Islet with prominent dilated capillaries, which is associated with peliosis-like vascular ectasia. This finding was more common in islets from patients with nesidioblastosis compared to control islets. H&E Â 200. derlying mechanism of postgastric bypass nesidioblastosis include adaptive b-cell hypertrophy that develops during obesity, which does not regress; a severe manifestation of dumping syndrome; a previously unrecognized hyperinsulinemia syndrome or underlying growth factor abnormality, which becomes apparent after bypass surgery; or an effect of altered anatomic structures secondary to the surgical intervention disrupts normal signaling pathways that is not correctly reestablished as the patient returns to normal or near normal weight. The pathophysiology of this process likely involves multiple mechanisms. Glucagon-like peptide1 has been proposed as a possible causative mechanism of nesidioblastosis because of its effects on islet cell neogenesis and b-cell apoptosis leading to islet cell hyperplasia in rodents. 44 Weight loss after gastric bypass in severely obese patients might unmask a b-cell defect that promotes hyperinsulism and islet cell hyperplasia. 3, 44 We observed a higher prevalence of women patients with postgastric bypass nesidioblastosis, which most likely reflects the women predominance among individuals who have undergone gastric bypass for morbid obesity. 45, 46 In summary, IGF2, IGF1Ra, and TGFbR3 are overexpressed pancreatic tissues from patients with nesidioblastosis. We have observed that peliosis-like vascular ectasia is increased in nesidioblastosis. Much remains to be learned to elucidate the pathophysiology of this disorder and develop more efficacious and less invasive treatment modalities.
